INTRODUCTION
============

Amino acids are essential for living cells as necessary nutrients, metabolite precursors, and building blocks for proteins. Heteromeric amino acid transporters (HATs) are a unique kind of amino acid transporters that comprise a heavy chain and a light chain linked by a conserved disulfide bridge ([@R1]--[@R3]). Two homologous heavy chains, rBAT (related to b^0,+^ amino acid transporter) (SLC3A1) and 4F2hc (SLC3A2), which belong to the solute carrier family 3, have been identified ([@R2]). The light chains of HATs are members of the solute carrier family 7, which belongs to the amino acids, polyamines, and organocations transporter superfamily. 4F2hc heterodimerizes with six light chains ([@R2], [@R4]). The rBAT protein is expressed mainly in the apical membrane of epithelial cells of kidney and small intestine ([@R5], [@R6]), forming a heterodimer with b^0,+^AT (SLC7A9) and AGT1 (SLC7A13) ([@R7], [@R8]). The HAT formed by b^0,+^AT and rBAT will be referred as the b^0,+^AT-rBAT complex hereafter for clarity. The b^0,+^AT-rBAT heterodimer mediates the Na^+^-independent electrogenic obligatory exchange of extracellular cationic amino acids and cystine with intracellular neutral amino acids ([@R9]--[@R11]). The b^0,+^AT-rBAT complex exhibits a high affinity for cationic amino acids and cystine on the extracellular side and a relative lower affinity for neutral amino acids on the intracellular side ([@R12]). Two b^0,+^AT-rBAT heterodimers have been found to form a noncovalent heterotetramer through rBAT ([@R13]). Heterodimerization with b^0,+^AT prevents degradation of unassembled rBAT in endoplasmic reticulum ([@R14]), whereas the stability of b^0,+^AT seems independent of rBAT ([@R12], [@R15]). rBAT has a longer sequence than 4F2hc, with \~27% amino acid sequence identity between them. Both proteins are type II membrane glycoproteins, with an intracellular N terminus and a bulky extracellular C terminus. The sequence of the ectodomains of rBAT (rBAT-ECD) and 4F2hc (4F2hc-ECD) shows homology with insect maltases and bacterial α-amylases ([@R16], [@R17]). The crystal structure of the human 4F2hc-ECD shows domain A and domain C, which contain a triose phosphate isomerase barrel \[(α/β)8\] and eight antiparallel β-strands, respectively ([@R16]). Sequence homology suggests that rBAT-ECD has also domain B in addition to domains A and C ([@R18]). It is not known whether rBAT has glucosidase-like activity.

Mutations in b^0,+^AT or rBAT cause cystinuria, an inherited autosomal recessive disease characterized by hyperexcretion of cystine in urine ([@R19], [@R20]). Cystinuria is classified into type I and non-type I. All mutations in rBAT and some cases of mutations in b^0,+^AT cause type I cystinuria, in which heterozygotes have normal urine amino acids ([@R21], [@R22]), whereas other mutations in b^0,+^AT cause non-type I cystinuria, in which heterozygotes have moderate-to-high amino acid-uria ([@R23], [@R24]).

The structural studies related with HATs include the crystal structure of the ectodomain of human 4F2hc ([@R16]), the low-resolution negatively staining electron microscopy (EM) structures of the large neutral amino acid transporter small subunit 2 (LAT2)--4F2hc complex ([@R25], [@R26]), the crystal structures of the bacterial homologs ([@R27]--[@R31]), and the cryo-EM structures of the LAT1/2-4F2hc complex ([@R32]--[@R34]). However, there is no structural study directly related to rBAT HATs. Here, we report the cryo-EM structures of the human b^0,+^AT-rBAT complex, which exists as a dimer of heterodimer in inward-open conformation, solved at 2.3-Å resolution for the overall structure and at 2.7-Å resolution for the transmembrane (TM) domains. A ligand molecule is bound to an inward-open binding pocket in the middle of the transporter, which was confirmed by comparing with the apo structure. Several key residues in the pockets, and the residues which mutations are correlated with cystinuria, were surveyed biochemically. These results provide new insights into the working mechanism of the b^0,\ +^AT-rBAT complex.

RESULTS
=======

Biochemical characterizations of the human b^0,+^AT-rBAT complex
----------------------------------------------------------------

The purified b^0,+^AT-rBAT complex was examined by SDS--polyacrylamide gel electrophoresis (PAGE) gels under different redox conditions. The proteins migrated as separated bands or as a single band in reducing or oxidizing environment, respectively ([Fig. 1A](#F1){ref-type="fig"}). To test whether the purified complex was functional, we reconstituted the complex into liposome and performed a counterflow assay, in which the uptake of the substrate \[^14^C\]-cystine into the liposome was monitored. Time-course analysis of \[^14^C\]-cystine uptake showed that the amount of accumulated substrate increased during the first 10 min and gradually decreased after that, a typical profile for counterflow assays ([Fig. 1B](#F1){ref-type="fig"}). To investigate the substrate selectivity, we also set up substrate competition experiments in the \[^14^C\]-cystine counterflow assay. Results showed that the transport activity was inhibited notably by cationic amino acids Arg and Lys and neutral amino acids Met, Leu, Phe, Tyr, and Ala. Cys, which might be oxidized into cystine in the air, has the strongest inhibition effects ([Fig. 1C](#F1){ref-type="fig"}).

![In vitro characterization of the transport activity of the b^0,+^AT-rBAT complex.\
(**A**) Representative SEC purification profile of the b^0,+^AT-rBAT complex in the presence of GDN detergent. Inset, SDS-PAGE under reducing \[+DTT (dithiothreitol)\] or oxidizing (−DTT) conditions, visualized by Coomassie blue staining. M, molecular mass markers. (**B**) Liposome-based counterflow assay for the purified WT b^0,+^AT-rBAT complex. A typical time course of \[^14^C\]-cystine and leucine exchange. (**C**) Substrate competition assays for cystine transport by the b^0,+^AT-rBAT complex. UV, ultraviolet.](aay6379-F1){#F1}

Structural determination of the b^0,+^AT-rBAT complex
-----------------------------------------------------

To solve the structure of the b^0,+^AT-rBAT complex, we collected a total of 3453 micrographs of the b^0,+^AT-rBAT complex incubated with 10 mM Arg, and 798 micrographs were from the b^0,+^AT-rBAT complex with no ligands. For clarity, these two samples are referred to as b^0,+^AT-rBAT+Arg and apo-b^0,+^AT-rBAT, respectively. Details of cryo-EM sample preparation, data acquisition, and processing can be found in Materials and Methods and figs. S1 and S2. The two-dimensional (2D) class average reveals that the b^0,+^AT-rBAT heterodimer forms a dimer (fig. S1A). The cryo-EM maps for the b^0,+^AT-rBAT+Arg complex were determined at 2.3-Å resolution for overall structure and the soluble domains and at 2.6- and 2.9-Å resolution for TM domains with the b^0,+^AT-rBAT+Arg dataset and the apo-b^0,+^AT-rBAT dataset, respectively (figs. S1, S3, and S4). The TM domains of b^0,+^AT-rBAT+Arg and apo-b^0,+^AT-rBAT are nearly identical (fig. S1H). Nearly all of sequences of both rBAT and b^0,+^AT were clearly resolved (figs. S3 and S4), except the N-terminal dozens of residues, the density of which was invisible in the cryo-EM map. We also built \>100 water molecules in each heterodimer that benefited from the high resolution ([Fig. 2A](#F2){ref-type="fig"}).

![Structural determination of the b^0,+^AT-rBAT complex.\
(**A**) Cryo-EM map of the b^0,+^AT-rBAT complex. The map is generated by merging the focused refined maps. Right: The water molecules are resolved in the cryo-EM map. (**B**) Cartoon representation of the atomic model of the b^0,+^AT-rBAT complex. The glycosylation moieties are shown as sticks.](aay6379-F2){#F2}

The extracellular domain (ECD, residues 111 to 685) of rBAT, which has five glycosylation sites, is located above b^0,+^AT and is connected to the TM helix with a much shorter linker than that in LAT1-4F2hc complex ([Fig. 2B](#F2){ref-type="fig"} and fig. S5A). The alignment of b^0,+^AT and LAT1 shows that the structures of these two transporters are very similar (fig. S5B). The TM domains of rBAT and b^0,+^AT is not so tilted as the LAT1-4F2hc complex on the whole view (fig. S5C). The first 10 TM helices of b^0,+^AT are arranged in a canonical LeuT fold with two inverted repeats, namely, TM1-5 and TM6-10, related to each other via a pseudo twofold symmetry axis parallel to the membrane. Similar to other LeuT-fold transporters, TM1 and TM6 of b^0,+^AT are disrupted by a short loop in the middle. The half helices hence were referred to as TM1a/1b and TM6a/6b.

The rBAT interacts with b^0,+^AT through multiple interfaces similar to the LAT1-4F2hc complex (fig. S6). Besides the disulfide bond between rBAT-Cys^114^ and b^0,+^AT-Cys^144^, there are many polar interactions at the extracellular side, intracellular side, and two extra lipid molecules bound to pockets on the intracellular side of the membrane, which are quite similar to that in the LAT1-4F2hc complex ([@R32]).

rBAT mediates the dimerization of HATs
--------------------------------------

The b^0,+^AT-rBAT complex dimerizes via multiple interfaces in rBAT, which contain numerous hydrophobic and polar interactions and can be divided into three patches ([Fig. 3A](#F3){ref-type="fig"}). The upper patch includes His^324^, Arg^326^, Ile^329^, Asp^349^, and Tyr^347^ ([Fig. 3B](#F3){ref-type="fig"}). Arg^326^ is stacked between *cis*-His^324^ and *trans*-Tyr^347^ via cation-π interactions, meanwhile, hydrogen bonded with *trans*-Asp^349^. In the middle patch ([Fig. 3C](#F3){ref-type="fig"}), Lys^323^ is hydrogen bonded with *trans*-Asp^391^. The lower patch ([Fig. 3D](#F3){ref-type="fig"}) contains a hydrogen bond network formed by Asp^359^ and Arg^362^ from both two protomers. There are also numerous hydrophobic interactions in all of three dimerization patches, including Ile^329^ in the upper patch, Val^355^ and Met^395^ in the middle patch, and Phe^401^ and Ile^402^ in the lower patch. Most of the amino acid residues involved in dimerization mentioned above are located in the extra loops of rBAT than in the 4F2hc ([Fig. 3E](#F3){ref-type="fig"} and fig. S7), explaining why the rBAT HATs exist as dimer of heterodimer, while the 4F2hc HATs exist as heterodimer.

![Dimerization interface of rBAT.\
(**A**) rBAT dimerizes via several patches. The details of these patches are shown in (**B**) to (**D**) boxed with corresponding colors. (**E**) The extra inserted loops of rBAT than 4F2hc contain the most residues involved in dimerization.](aay6379-F3){#F3}

The interactions mentioned above make the b^0,+^AT-rBAT dimer quite stable. We tried to disrupt the dimer of the b^0,+^AT-rBAT complex by introducing mutations to the dimer interfaces. However, we failed to get the b^0,+^AT-rBAT heterodimer, with some mutations affecting the expression of the complex. We also tested whether the b^0,+^AT-rBAT complex has the α-glucosidase activity. The results showed that the complex has no α-glucosidase activity when compared with the positive control isomaltase of *Saccharomyces cerevisiae* (fig. S8).

Mapping of cystinuria-related mutations
---------------------------------------

Cystinuria is caused by mutations in rBAT and b^0,+^AT, whereas how these mutations affect the transport activity of b^0,+^AT-rBAT complex remains unknown. The high-resolution structure of b^0,+^AT-rBAT complex provides basis for mechanistic interpretation of representative cystinuria-related mutations ([Fig. 4A](#F4){ref-type="fig"}) ([@R35]). To investigate the effects of these mutations, we cloned all these mutations and purified proteins ([Fig. 4B](#F4){ref-type="fig"}). All the rBAT mutants, V183A, T216M, and M467T, and the b^0,+^AT mutants, P52L and G259R, are not stable and cannot be purified homogeneously, indicating that these residues are essential for the stability of the complex. The mutation A70V, T123M, and A182T in b^0,+^AT showed partial activity (48 to 60%), which are similar to previous cell-based measurement ([@R35]). For other mutants with mutation in b^0,+^AT, W230R and A354T showed almost no transport activity, and V170M, R333W, A382T, and P482L only retained 5 to 10% activity compared with wild-type (WT) complex. On the basis of these results, these mutations can be divided into three classes. Class I is required for the stability of the complex, including V183A, T216M, and M467T in rBAT and P52L and G259R in b^0,+^AT. Class II is responsible for substrate binding or lining the transport path, including T123M, W230R, and A382T in b^0,+^AT. Class III comprises other mutations, including A70V, V170M, A182T, R333W, A354T, and P482L, which might upset the TM rotations when mutated into larger or different charged residues. Besides, some mutations might affect the stability of mRNA and protein in vivo ([@R35]).

![Cystinuria-related mutations mapping in the b^0,+^AT-rBAT complex and putative working model.\
(**A**) Cystinuria-related mutations mapping in the complex, which can be classified into classes I, II, and III that are colored in blue, purple, and green, respectively. (**B**) The transport activity of disease-related mutations.](aay6379-F4){#F4}

Putative working mechanism of b^0,+^AT-rBAT complex
---------------------------------------------------

The cryo-EM structure of the b^0,+^AT-rBAT complex adopted an inward-open conformation similar to the LAT1-4F2hc complex ([Fig. 5A](#F5){ref-type="fig"}). However, in contrast to the LAT1-4F2hc complex, the b^0,+^AT-rBAT complex has an occluded pocket near the open intracellular pocket ([Fig. 5A](#F5){ref-type="fig"}). These two pockets are named as pockets 2 and 1 hereafter for clarity. Extra density was found in each of these two pockets in the cryo-EM map of the b^0,+^AT-rBAT+Arg complex (fig. S4, C and D). We built an arginine in pocket 1 according to the experimental condition and the cryo-EM map ([Fig. 5, A and B](#F5){ref-type="fig"}, and fig. S4C), which will be referred to as Arg 1 hereafter. The extra density in pocket 2 has a strip-like shape. We compared the cryo-EM map with the apo-b^0,+^AT-rBAT complex and found that it also contains similar extra density in pocket 2 (fig. S4D), so we excluded the possibility of amino acid molecules and built four water molecules in pocket 2 ([Fig. 5C](#F5){ref-type="fig"} and fig. S4D).

![The ligand binding site and pockets.\
(**A**) b^0,+^AT adopts an inward-open conformation with a ligand bound to pocket 1, near which is pocket 2. (**B**) The ligand-binding site in pocket 1. (**C**) The pocket 2 contains several water molecules, which are surrounded by a ring of hydrophobic residues and hydrogen bonded with residues at the upper and lower ends. (**D**) Comparison of b^0,+^AT with LAT1 in pocket 2 region. (**E**) The effects of the alanine mutation of the residues involved in pockets 2 and 1 on transport activity measured by \[^3^H\]-arginine uptake.](aay6379-F5){#F5}

The Arg 1, which is located in the bottom of pocket 1, is hydrogen bonded with Ile^43^, Gly^45^, and Gly^47^ on TM1 and Trp^230^, Asp^233^, and Gln^237^ on TM6 ([Fig. 5B](#F4){ref-type="fig"}), via a traditional mechanism, which is similar to the LAT1-4F2hc complex and also the prokaryotic homologs BasC and GkApcT, with a little difference that the side chain of Arg substrate mainly interacted with residues in TM6b (fig. S9) ([@R30], [@R31]). A water molecule is found near pocket 1, which hydrogen bonds with Ser^46^, Ser^131^, and Trp^230^, thus connecting TM1, TM3, and TM6 (fig. S10). The pocket 2 is surrounded by residues from TM6 and TM10. Four water molecules are hydrogen bonded to each other and packed in pocket 2. These water molecules are also hydrogen bonded to Ser^379^ on TM10 at the upper end of pocket 2, and to Asp^233^ and Trp^235^ on TM6 and Tyr^386^ on TM10 at the lower end of pocket 2. The middle region of pocket 2 is lined by several hydrophobic residues, including Leu^229^ and Trp^230^ from TM6 and Phe^378^ and Trp^383^ from TM10. We aligned the pocket 2 in the structures of the b^0,+^AT-rBAT complex with the corresponding residues in LAT1-4F2hc complex ([Fig. 5D](#F5){ref-type="fig"}). Results showed that the most notable differences happened to Asp^233^ and Tyr^386^ of b^0,+^AT, the corresponding residues of which in LAT1 are Gly^255^ and Val^408^. Sequence alignment shows that the residues on these two sites are not conserved in light chains of HAT (fig. S11).

To further investigate the roles of the residues in pocket 2, we aligned the sequences of b^0,+^AT with that of other species, and results show that these residues are quite conserved among these species (fig. S12). We designed the alanine mutations of Trp^230^, Asp^233^, Trp^235^, Gln^237^, Ser^379^, Trp^383^, and Tyr^386^ and purified protein for all variants. Results show that Q237A and S379A remain about 50 and 20% of transport activity, respectively, compared with WT complex in the \[^3^H\]-arginine counterflow assay ([Fig. 5E](#F4){ref-type="fig"}). The W230A, D233A, W235A, W383A, and Y386A show almost no transport activity ([Fig. 5E](#F4){ref-type="fig"}), indicating their critical roles for transport activity. We also measured the uptake of \[^14^C\]-cystine with these mutants; results show similar transport activity compared with the \[^3^H\]-arginine counterflow assay, except Q237A and S379A remain about 30 and 50% transport activity, respectively (fig. S13). Together, these results show that the residues in pocket 2 are important for the transport activity of b^0,+^AT-rBAT complex.

Molecular dynamics (MD) simulation might provide clues for transport mechanism. We first checked the water molecules in pocket 2 and run a MD simulation with pocket 2 initially filled with four water molecules and an arginine molecule in pocket 1. We analyzed the distribution of the water molecules in pocket 2, which showed that these water molecules formed several clusters, according to which we built five water molecules, four of which well coincided with the water molecules we built in pocket 2 initially (fig. S14). We also observed longer average residence time compared with other structural water molecules in b^0,+^AT-rBAT complex. The hydrogen bond network of these waters is facilitated by characteristic residues of pocket 2 including Trp^235^, Asp^233^, Ser^379^, and Tyr^386^. These results indicate that the density in pocket 2 corresponds to water than other molecules.

To further investigate the role that the two pockets play in the transport cycle, we performed MD simulations with different system setups. MD simulations were carried out with an arginine molecule built into pocket 2 only or simultaneously with a leucine molecule built into pocket 1. We found that the arginine in pocket 2 adopts a stable binding pose in the time scale of 100 ns. In this pose, the backbone of arginine forms hydrogen bonds with Trp^230^, Ser^379^, and Asn^227^, while the guanidine group forms salt bridge with Asp^233^ (see movie S1). Similar simulations carried out with other amino acids (Phe, Tyr, Leu, and Met) in pocket 2 indicated that these substrates can fit into this occluded pocket with the same backbone interaction pattern but different side-chain recognitions (see movies S2 to S5). An open movement between TM6a and TM10 is observed coupling with the binding of pocket 2 with amino acid molecule (fig. S15).

DISCUSSION
==========

The b^0,+^AT-rBAT complex mediates the transport of cationic amino acids and cystine across the cell membrane, some mutations in which are associated with cystinuria diseases. In this work, we solved the high-resolution structures of the b^0,+^AT-rBAT complex in apo or Arg-bound status with single-particle cryo-EM. In these two structures, b^0,+^AT exhibits inward-open conformation with similar topology and structure to LAT1 and its prokaryotic homologs. There is an additional pocket 2 near the classical substrate binding pocket 1. The pocket 2 has two polar patches on its ends and is surrounded by hydrophobic residues in its middle region. We speculate that the lower end of pocket 2, which comprises Asp^233^, Trp^235^, and Tyr^386^, might accommodate the polar moiety of the side chain of the dibasic amino acids and one of two ends of cystine. The corresponding residues in LAT1 for Asp^233^ and Tyr^386^ are Gly^255^ and Val^408^, which are small residues and unable to recognize dibasic amino acids or cystine. These analyses might provide clues into explaining why b^0,+^AT transports the cationic amino acids and cystine, while LAT1 transports large neutral amino acids.

We tried to propose a working model for the b^0,+^AT-rBAT complex based on these results ([Fig. 6](#F6){ref-type="fig"}). Two pockets exist in b^0,+^AT and are separated by a conserved gating residue Trp^230^, the conformation of which can change markedly, just like the corresponding residue Trp^202^ in AdiC shows ([@R29]). The pockets 1 and 2 might merge together when the transporter experiences conformational change. Actually, LAT1 contains a merged pocket instead of two separated pockets (fig. S16) ([@R32], [@R33]), which is proposed to be able to accommodate bulky hydrophobic side chains ([@R33]). The substrates of transporter might be exchanged by each other in the binding pocket, resulting in the transport cycle according to the alternating access model. Together, the results of the structure determination and analysis and the transport activity assays in this work are a step toward a detailed, mechanistic understanding of HAT antiporters and related diseases.

![A proposed model for substrate transport mediated by b^0,+^AT-rBAT complex.\
In this model, the pockets 1 and 2 might merge together when the transporter experiences conformational change. The substrates of transporter might be exchanged by each other in the binding pocket, resulting in the transport cycle according to the alternating access model.](aay6379-F6){#F6}

MATERIALS AND METHODS
=====================

Protein preparation
-------------------

The full-length human complementary DNAs of b^0,+^AT (accession number: NM_001126335.1) and rBAT (accession number: NM_000341.4) were subcloned into pCAG with N-terminal FLAG tag and pCAG with N-terminal 10× His tag, respectively. A standard two-step polymerase chain reaction was used to generate the mutations.

For protein expression, human embryonic kidney 293F cells (Invitrogen) were cultured in SMM 293T-I medium (Sino Biological Inc.) at 37°C under 5% CO~2~ in a Multitron-Pro shaker (130 rpm, Infors). For transfection, 3 mg of polyethylenimines (Polysciences), 0.75 mg of the b^0,+^AT plasmid, and 0.75 mg of the rBAT plasmid were preincubated for 15 min with fresh medium in a final volume of 50 ml and was added into 1 liter of cell culture whose cell density was \~2.0 × 10^6^/ml. The transfected cells were harvested 48 hours after transfection.

For purification of the b^0,+^AT-rBAT complex, the cells were collected by centrifugation at 3800*g* for 10 min and resuspended in a buffer containing 25 mM tris (pH 8.0), 150 mM NaCl, and three protease inhibitors, aprotinin (0.2 μM, AMRESCO), pepstatin (1 μM, AMRESCO), and leupeptin (10.1 μM, AMRESCO). The membrane fraction was solubilized at 4°C for 2 hours with 2% (w/v) *n*-dodecyl-β-[d]{.smallcaps}-maltoside (Anatrace). Cell debris was removed by centrifugation at 18,700*g* for 45 min, and the supernatant was loaded onto anti-FLAG M2 affinity resin (Sigma-Aldrich). After the resin was rinsed with the wash buffer containing 25 mM tris (pH 8.0), 150 mM NaCl, and 0.05% glyco diosgenin (GDN) (w/v) (Anatrace), the protein was eluted with wash buffer plus FLAG peptide (0.2 mg/ml). Then, the eluent was loaded onto nickel resin (Ni-NTA, Qiagen) and washed with wash buffer plus 10 mM imidazole. The protein complex was eluted from the nickel resin with wash buffer plus 300 mM imidazole, following by concentrating and subjecting to size exclusion chromatography (SEC; Superose 6 Increase 10/300 GL, GE Healthcare) in buffer containing 25 mM tris (pH 8.0), 150 mM NaCl, and 0.02% GDN. The peak fractions were collected and concentrated for EM analysis and in vitro liposome-based transport assay.

For α-glucosidase activity measurement, the transfected cells were resuspended in a buffer containing 25 mM Hepes (pH 7.0), 150 mM NaCl, and the three protease inhibitors mentioned above. The buffer used for affinity chromatography and gel filtration was almost the same as that mentioned above except tris (pH 8.0) was replaced by Hepes (pH 7.0).

α-Glucosidase activity measurement
----------------------------------

The open reading frame of IMA1 (accession number: NM_001181416.3) from *S. cerevisiae* was subcloned into pET15b and expressed in *Escherichia coli* BL21 (DE3). For protein expression and purification, cells were induced with 0.2 mM isopropyl-β-[d]{.smallcaps}-thiogalactopyranoside at an optical density at 600 nm (OD~600nm~) of 1.2 for 12 hours. Cells were harvested, homogenized in a buffer containing 25 mM Hepes (pH 7.0) and 150 mM NaCl, and sonicated for disruption. After centrifugation at 18,700*g* for 45 min, the supernatant was loaded onto nickel resin (Ni-NTA, Qiagen), and the nickel resin was washed by the wash buffer containing 25 mM Hepes (pH 7.0), 150 mM NaCl, and 20 mM imidazole. The protein was eluted by wash buffer plus 280 mM imidazole and subjected into gel filtration (Superose 6 Increase 10/300 GL, GE Healthcare). Peak fractions were collected and used to measure α-glucosidase activity. α-Glucosidase activity measurement was performed by α-Glucosidase Activity Colorimetric Assay Kit (Solarbio) and was referred to its description.

For standard curve measurement, ρ-nitrophenol standards (5 μmol/ml) were diluted five times with reagent III, which was then diluted with double-distilled H~2~O (ddH~2~O) to indicated concentrations (100, 50, 25, 12.5, and 6.25 nmol/ml). OD~400nm~ of ρ-nitrophenol at concentrations mentioned above and ddH~2~O was measured.

For α-glucosidase activity measurement, 400 μl of reagent I, 500 μl of reagent II, and 100 μl (0.73 nmol) of b^0,+^AT-rBAT complex, isomaltase (1.46 nmol), or buffer containing 25 mM Hepes (pH 7.0), 150 mM NaCl, and 0.02% (w/v) GDN (Anatrace) were mixed and reacted at 37°C for 30 min. Then, reaction was stopped by incubating at 100°C for 5 min. When cooled to room temperature, the mixture was centrifuged at 8000*g* at 4°C. Two minutes after mixing 500 μl of supernatant and 1000 μl of reagent III, OD~400nm~ was measured. Empty control was performed almost the same as that was described above, except 400 μl of reagent I was added into the reaction system after reaction was stopped instead of before. α-Glucosidase activity unit means 1 nmol of ρ-nitrophenol is produced by 1 nmol of protein at 1 ml of reaction system every hour. The data for α-glucosidase activity measurement were processed by GraphPad Prism software.

In vitro transport activity assay
---------------------------------

Liposomes and proteoliposomes were prepared as described previously with a slight modification ([@R32]). The reaction buffer contains 20 mM potassium phosphate (pH 6.5), 150 mM KCl, and 10 mM [l]{.smallcaps}-leucine (Sigma-Aldrich) inside liposomes and proteoliposomes. All transport activity assays were performed at room temperature. The in vitro transport reaction was initiated by adding 100 μl of reaction buffer containing 20 mM potassium phosphate (pH 6.5), 150 mM KCl, and 5 μM (0.1 μCi) [l]{.smallcaps}-\[^14^C\] cystine \[0.184 μM (1 μCi) L-\[^3^H\] arginine\] (PerkinElmer Life Sciences) to 4 μl of proteoliposome. ^14^C-labeled cystine uptake or ^3^H-labeled arginine was terminated after 1 min by rapidly filtering the reaction solution through a 0.22-μm GSTF filter (Millipore) and washed with 2 ml of ice-cold wash buffer \[20 mM potassium phosphate (pH 6.5) and 150 mM KCl\]. The filter was then used for liquid scintillation counting.

The substrate competition assay for the b^0,+^AT-rBAT complex was initiated by adding reaction buffer plus 1 mM unlabeled amino acids into 4 μl of proteoliposome (50 mg/ml). Liposome containing no protein was introduced as empty control in each measurement. GraphPad Prism software was used for data processing.

Cryo-EM sample preparation and data acquisition
-----------------------------------------------

The purified b^0,+^AT-rBAT complex was concentrated to \~10 mg/ml and incubated with 10 mM Arg for 2 hours if necessary before being applied to the grids. For clarity, the samples added no substrate or Arg are referred to as apo b^0,+^AT-rBAT and b^0,+^AT-rBAT+Arg herein. Aliquots (4 μl) of the protein complex were placed on glow-discharged holey carbon grids (Quantifoil Cu R1.2/1.3). The grids were blotted for 3.5 s and flash-frozen in liquid ethane cooled by liquid nitrogen with Vitrobot (Mark IV, Thermo Fisher Scientific). The prepared grids were transferred to a Titan Krios operating at 300 kV equipped with Cs corrector, Gatan K2 Summit detector, and GIF Quantum energy filter. A total of 798 and 3453 movie stacks were automatically collected using AutoEMation ([@R36]) for apo b^0,+^AT-rBAT and b^0,+^AT-rBAT+Arg, respectively, with a slit width of 20 eV on the energy filter and a preset defocus range from −1.2 to −2.2 μm in super-resolution mode at a nominal magnification of ×105,000. Each stack was exposed for 5.6 s with an exposure time of 0.175 s per frame, resulting in a total of 32 frames per stack. The total dose rate was approximately 48 *e*^−^/Å^2^ for each stack. The stacks were motion-corrected with MotionCor2 ([@R37]) and binned twofold, resulting in a pixel size of 1.091 Å per pixel. Meanwhile, dose weighting was performed ([@R38]). The defocus values were estimated with Gctf ([@R39]).

Data processing
---------------

A total of 1,677,374 or 313,238 particles were automatically picked from 3086 or 677 manually selected micrographs using Relion 3 ([@R40]--[@R44]) for the b^0,+^AT-rBAT+Arg and apo b^0,+^AT-rBAT complex, respectively. After 2D classification, a total of 1,172,618 or 254,699 particles were selected for the b^0,+^AT-rBAT+Arg and apo b^0,+^AT-rBAT complex, respectively. The selected particles were subjected to global angular searching 3D classification against an initial model generated with Relion ([@R45]) with C2 symmetry. For each of the last several iterations of the global angular searching 3D classification, a local angular searching 3D classification was performed, during which the particles were classified into four classes. A total of 1,030,894 or 175,370 nonredundant particles were selected from the local angular searching 3D classification for the b^0,+^AT-rBAT+Arg and apo b^0,+^AT-rBAT complex, respectively. Then, these selected particles were subjected to multireference 3D classification and contrast transfer function refinement ([@R44]). The overall resolutions of the 3D auto-refinement after postprocessing were 2.3 or 2.7 Å, with a particle number of 665,827 or 127,377, for the b^0,+^AT-rBAT+Arg and apo b^0,+^AT-rBAT complex, respectively. To further improve the map quality, the soluble domains and the TM domains were focused refined with adapted masks separately. The applied symmetry was C2 and C1 for the soluble domains and the TM domains, respectively. The dataset was symmetry-expanded to C1 before the focused refinement for the TM domains, resulting in doubled particle number. The resolutions of the soluble domain--focused refinement were 2.3 and 2.5 Å for the b^0,+^AT-rBAT+Arg and apo b^0,+^AT-rBAT complex, respectively. The resolutions of the TM domain-focused refinement were 2.6 and 2.9 Å for the b^0,+^AT-rBAT+Arg and apo b^0,+^AT-rBAT complex, respectively.

The 2D classification, 3D classification, and auto-refinement were performed with Relion 3. The resolution was estimated with the gold-standard Fourier shell correlation 0.143 criterion ([@R46], [@R47]) with high-resolution noise substitution ([@R48]).

Model building and structure refinement
---------------------------------------

Model building of the b^0,+^AT-rBAT complex was based on the focused refined cryo-EM maps. The structure of the extracellular soluble domain of rBAT was ab initio built with Coot ([@R49]). The TM domains of the b^0,+^AT-rBAT complex was built using the structure of the TM domains of the LAT1-4F2hc complex \[Protein Data Bank (PDB) ID: 6IRT\] as a starting template. The subsequent modeling was performed in Coot with aromatic residues as land markers, as most of these residues were clearly visible in our cryo-EM map. Each residue was manually checked with the chemical properties considered during model building.

A total of 2162 amino acid residues were constructed for the dimer of the b^0,+^AT-rBAT heterodimer complex. The N-terminal sequences of both rBAT and b^0,+^AT were not modeled because of the invisibility of the corresponding density in the map. Ten sugar moieties, one Ca^2+^ ion, two lipid moieties, one ligand amino acid molecules, and more than 100 water molecules were assigned for each b^0,+^AT-rBAT heterodimer according to the cryo-EM map. The model composition of apo b^0,+^AT-rBAT is similar to b^0,+^AT-rBAT +Arg, except that there is no ligand amino acid.

Structure refinement was performed with Phenix ([@R50]) with secondary structure and geometry restraints to prevent structure overfitting. To monitor the overfitting of the model, the model was refined against one of the two independent half maps from the gold-standard 3D refinement approach. Then, the refined model was tested against the other map ([@R51]). Statistics associated with data collection, 3D reconstruction, and model refinement can be found in table S1.

MD simulations
--------------

All-atom MD simulations of b^0,+^AT-rBAT in the context of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipid bilayers were carried out using CHARMM ([@R52]) and OpenMM ([@R53]), with proteins described by the CHARMM36m force field ([@R54]) and lipids by the CHARMM36 force field ([@R55]). Simulation systems contain the TM domain of rBAT, with its extracellular part truncated to reduce the simulation system size. The membrane protein systems then solvated in water box, reaching to the size of 108 Å by 108 Å by 100 Å, with Na^+^ and Cl^−^ ions added to neutralize the system and maintain ion concentration. The total number of atoms in the simulation system is about 94,000. The system was minimized for 5000 steps, and then six rounds of 100 ps simulations were carried out with gradual decrease of constraints on heavy atoms, and then, the production simulations (60 to 600 ns) were performed with all atoms free under the NPT (constant Number of atoms, constant Temperature and constant Pressure ensemble) ensemble in periodic boundary conditions. The temperature was controlled at 310 K with Andersen thermostat ([@R56]), and the pressure was maintained at 1 atm with the Monte Carlo Anisotropic Barostat algorithm. Particle mesh Ewald summation for electrostatic calculation and the 12-Å cutoff for nonbond interactions were used throughout the whole simulations. The integration time step is 2 fs, and covalent bonds including hydrogen were kept rigid with SHAKE. The obtained trajectory was analyzed with VMD ([@R57]) and MDTraj ([@R58]). To study the water molecule distribution in pocket, 2600 ns MD simulation was performed with pocket 2 initially filled with four water molecules. Frames were saved every 100 ps, and water coordinates were plotted together after correction with respect to the coordinates of the transporter at each frame, which exhibits several clusters, according to which water molecules were built.

To test whether the pocket 2 can accommodate an amino acid ligand, we built different amino acids at the pocket 2 in the context of both the pocket 1 site occupied with amino acid or not. On the basis of the observation of amino acid binding poses in pocket 2 from a series of simulations, we determine the initial conformation to validate the stability of amino acid binding in the pocket 2.
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